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Internal electric fields can have a significant effect on the behavior of charged defects, 
dopants and impurities in operating electronic devices that can adversely impact on their 
long-term performance and reliability. In this paper, we investigate the redistribution of 
charged centers in single crystal m-plane ZnO under the action of a DC electric field at 
873 K using in-plane and in-depth spatially resolved cathodoluminescence (CL) 
spectroscopy. The CL intensities of the ultra-violet near band edge (NBE) emission at 
3.28 eV and green luminescence (GL) at 2.39 eV were observed to both uniformly 
increase on the anode side of the electrode gap. Conversely, towards the cathode the 
NBE and the GL steadily decrease and increase, respectively. The GL quenched after 
hydrogen donor doping confirming that the emission is related to acceptor-like centers.  
Based on the electro-migration and hydrogen doping results, the GL is attributed to 
radiative recombination involving Zn𝑖 and VZn pairs. The intensity of an orange 
luminescence (OL) centered at 2.01 eV was unaffected by the electric field and is 
assigned to substitutional Li acceptors. 
 
 






























































































Point defects, such as vacancies, interstitials, and impurities, are inherently present in 
ZnO single crystals and nanostructures. These centers exist in neutral as well as singly or 
doubly ionized states, where the stable charge state for each defect is determined by the position 
of the Fermi level relative to their specific charge transition levels.1 The presence of charged 
defects can have a significant impact on the stable operation and long term deterioration of 
ZnO-based electronic devices due to the electric field induced electro-migration effects.2,3 For 
example, the underlying mechanism responsible for repetitively regulating electron conduction 
in ZnO resistive switching devices has been attributed to the electro-migration of oxygen ions 
(O2−) and vacancies (VO
2+) in the active layer.4,5 Additionally, the diffusion of zinc interstitials 
(Zn𝑖
2+) and its complexes, such as VO
0 − Zn𝑖
2+, into the grain boundaries of sintered ZnO 
varistors is believed to degrade the Schottky barrier and cause premature aging of these 
devices.3 The physical origin and effects of defect migration in semiconductor devices and 
materials has been investigated using numerous experimental techniques, such as the pulsed 
electroacoustic (PEA) method,6 deep level transient spectroscopy (DLTS),7 photoluminescence 
(PL)8 and transmission electron microscopy (TEM).9 However, it should be emphasized that 
the unequivocal identification of defects in ZnO remains controversial.  Uncertainty in the 
defect assignment can arise because different types of defects often affect the physical 
properties of ZnO in a similar way. Additionally, the presence of defect complexes can often 
complicate the interpretation of experimental results.10 
Previous studies have reported changes to the spatial distribution and intensity of a 
green-colored emission in electric-field stressed ZnO devices and confirmed that the observed 
luminescence is related to mobile defects.8,11,12 However, there is currently no consensus on 
the chemical identity of the mobile defect, which has been contradictorily attributed to both Zn 
interstitials (Zn𝑖)
8 and oxygen vacancy (V𝑂) - related defects.





























































































luminescence (GL) band in bulk and nanostructured ZnO is commonly observed as a broad 
structureless peak between 2.2 and 2.5 eV. The reported shift in the GL peak position is widely 
attributed to the presence of several highly overlapped broad emission peaks originating from 
a number of different defects or defect-related complexes.10 The origin of GL emission has 
been ambiguously assigned to a very large number of different native point defects, impurities 
and complexes. However, due to their relative abundance and relatively low formation 
energies,1,13 there is general agreement that the most likely candidates for the GL are either, 
V𝑂,
14-17 Zn vacancies (VZn),
16-20 and Zn𝑖
13 defects. According to Klason et al., annealing bulk 
ZnO in Zn-rich conditions generated VO and resulted in a GL peak at 2.5 eV.17 Conversely, 
heat treatment under O-rich conditions produced VZn and a GL peak at 2.35 eV. Ton-That et 
al.17 reported that the GL in Zn-rich and O-rich ZnO exhibited a different response to H donor 
doping, confirming the presence of two peaks in the green spectral range. Furthermore, H 
annealing was found to quench the 2.35 eV peak, verifying that this O-rich GL is related to an 
acceptor-like Zn vacancy related defect.18 Additionally, Korsunska et al.21 reported an 
inhomogeneous GL intensity along a needle-shaped ZnO single crystal when subjected to DC 
biasing and suggested that a Zn𝑖 complex may be involved in the GL. 
In this work, we have used in-plane and in-depth cathodoluminescence (CL) 
microscopy and spectroscopy to investigate electric field-assisted migration of luminescence 
centers in the non-polar m-plane (1010) ZnO single crystals. Here, we aim to gain greater 
insight into the behavior of charged defects in ZnO when subjected to an electric field at 
elevated temperature. We report CL characterization of the defect distribution on the surface 
of hydrothermally grown ZnO single crystal before and after the application of an electric field 
at 873 K. Our results support the assignment of the GL to radiative recombination involving 






























































































II. EXPERIMENTAL DETAILS 
A 5  4 mm2 sample was cut from a hydrothermally grown, 10  10  0.5 mm3, 
polished both sides, m-plane n-type ZnO single crystal substrate supplied by MTI Corporation 
(CA, USA). Two 1.5  2.5 mm2 Ti (50 nm) / Au (30 nm) electrodes with a gap of 0.4 mm were 
deposited on the (1010) face of the ZnO sample using DC magnetron sputtering. I-V curves 
were measured using a Yokogawa GS610 source and measurement unit (SMU). Before 
conducting the electro-migration experiments the samples were cleaned with ethanol in an 
ultrasonic bath and rinsed with deionized water, and subsequently annealed in a horizontal 
quartz tube furnace at 873 K in argon (oxygen-poor) with a flow rate of 10 sccm for 3 hours. 
The pre-annealing treatment of the ZnO sample was done to stabilize the ZnO defect structure 
at 873 K and ensure that the observed thermally assisted electro-migration induced changes 
were due predominately to the effect of the electric field. Electric field-assisted migration 
experiments were conducted at 873 K in argon with a flow rate of 10 sccm for 3 hours using a 
DC bias of 30 volts across the Ti / Au, which produced an electric field strength of ~ 750 V/cm. 
The sample was allowed to cool down with the bias on to room temperature without assistance 
before being removed from the furnace. Hydrogen donors were incorporated into an additional 
5  4 mm2 sample cut from the original MTI ZnO substrate using a radio-frequency hydrogen 
plasma with the power of 15 W at 473 K for 10 minutes. 
CL measurements were performed using a FEI Quanta 200 scanning electron 
microscope equipped with a Gatan C1002 liquid nitrogen cold stage and an Ocean Optics 
QE65000 spectrometer. A typical CL spectrum was collected from a scan area of 15 × 20 m2 
with accelerating voltage of 10 kV and beam current of 1 nA at room temperature or 0.1 nA at 
85 K. To observe electric field induced migration of luminescent centers, CL spectra were 
collected before and after the electro-migration experiment (describe above) from 7 positions 





























































































were performed to probe the spatial distribution of luminescence centers as a function of depth 
from the surface of the sample. Here, CL spectra were collected between two electrodes at 85 K 
with accelerating voltages varied between 5 kV and 30 kV, corresponding to CL probing 
depths ranging between approximately 100 and 1800 nm, respectively: These values represent 
depths at which 70% of the electron energy loss has occurred using CASINO Monte Carlo 
simulation methods.22 An equivalent electron-hole pair generation rate was used at each kV by 
using adjusting the electron beam current to provide a constant electron beam power of 1 W. 
III. RESULTS AND DISCUSSION 
A. CL Characterization of ZnO 
Typical CL spectra at 85 K of the “as received” annealed ZnO at 873 K (henceforth 
referred to as sample A), hydrogen doped sample A, and post-hydrogen-doped annealed at 
573 K samples collected at the same excitation conditions (10 kV and 0.1 nA) are shown in 
Fig. 2(a). Sample A exhibits a near band edge (NBE) with two sharp peaks located at 3.36 eV 
and 3.25 eV and a broad deep-level emission (DLE) band in green-yellow spectral region 
centered at 2.3 eV. The higher energy NBE peak is due to donor bound exciton (DBX) I – lines, 
while the second NBE peak is consistent with longitudinal optical (LO) phonon replica 
emission of the free exciton (FX), which have an energy spacing of 72 meV in ZnO.23 The 
presence of the LO phonon replicas confirms the high crystalline quality of sample A. The 
broad structureless DLE band at 85 K arises from the presence of two broad, defect-related 
emission bands that are highly overlapped, containing a green luminescence (GL) and an 
orange luminescence (OL) peaks, centered at ~ 2.39 eV and ~ 2.01 eV, respectively. 
Following H incorporation in sample A, the NBE intensity increased fourfold and the 
higher energy GL defect luminescence peak was completely absent, leaving a single OL peak 
located at 2.01 eV, as shown in Fig. 2(a). The increased NBE emission is due to a higher 





























































































of a non-radiative recombination channel that acts as a competitive recombination pathway to 
the NBE luminescence. As the NBE and DLE are also competitive recombination pathways, 
the higher NBE recombination reduces the DLE intensity. The strong quenching of the GL is 
attributed to a hydrogen passivation mechanism.  Since H is stable as a positive donor in ZnO, 
it can interact strongly with negatively charged acceptor-like defects. Accordingly, as VZn 
acceptors have the lowest formation energy in n-type ZnO,1 the GL is attributed to an ionized 
Zn vacancy-related center as reported elsewhere in the literature, which is quenched by H 
passivation.16,17,24 This model is strongly supported by the recovery of the GL after H is 
removed by re-heating the sample to 573 K for 10 minutes in argon as illustrated in Fig. 2(a). 
The chemical identity of the OL at 2.01 eV is also controversial for being assigned to oxygen 
interstitials (O𝑖)
25 as well as transitions involving Li acceptors.26 However, as recent work has 
contradicted the O𝑖 assignment
27 and as Li is definitely present in our samples as due to the use 
of a LiOH mineralizer that facilitates hydrothermal growth,28,29 the OL at 300 K is attributed 
to a transition involving substitutional Li impurities on Zn sites. In the process, negative LiZn
−  
ions trap excited free holes forming neutral LiZn
0  centers that relax to their original ionized state 
by capturing an excited free electron and emitting the observed OL. 
A typical CL spectrum (10 kV and 1 nA) at room temperature of sample A is shown in 
Fig. 2(b). At 300 K, the DBX emission is quenched as a result of thermal ionization and the 
NBE is dominated by a peak at around 3.28 eV arising from the highly overlapped emission of 
FX phonon replicas that are of red-shifted and broadened due to thermal lattice expansion and 
the electron-phonon effect. The dominance of the GL in Fig. 2(b) suggests that the OL has 
saturated with the higher 1 nA excitation current which is consistent with the reported long 
relaxation time of the OL.30 The Gaussian peak fitting depicted in Fig. 2(c) of the broad DLE 





























































































emission peak are at 2.39 eV (FWHM = 0.51 eV) and 2.01 eV (FWHM = 0.52 eV), 
respectively.  
B. Electron-migration experiment 
Electrical current vs voltage (I-V) measurements (Fig. 1(b)) revealed that the resistance 
of the “as received” MTI ZnO substrate was approximately 10 k, which increased to ~ 1 M 
in sample A, and the value was in the order of k at 873 K. The 100× increase in the resistance 
of sample A after annealing is due to the out-diffusion of interstitial Li donors,  
Li𝑖, that are inadvertently incorporated during hydrothermal growth.
31 
To investigate defect electro-migration in ZnO, a DC electric field was applied at the 
surface of sample A through parallel electrode pads, as shown in Fig. 1(a), while annealing at 
873 K. The spatially-resolved CL characterization results of the thermally assisted electro-
migration experiments are presented in Figs. 3(a) and 3(b). These data show a comparison of 
the NBE, OL and GL intensities from a series of identical positions spanning the surface 
between the electrodes before and after the electric field was applied at 873 K. The peak 
intensities were obtained from a set of CL spectra collected at separate locations in a straight 
line between two electrodes at 50 m intervals, as shown by cross () marks in Fig. 1(a).  
Typical Gaussian peak fitted CL spectra prior to and following the application of the electric 
field are shown in Fig. 3(c). These data are collected from the location marked with an (o) in 
Fig. 1(a). 
The CL intensity versus the electrode gap position plots in Figs. 3(a) and 3(b) reveal 
that on the positive electrode (anode) side both the NBE and GL uniformly increase intensity 
after application of the electric field and exhibit the same line shape profile as sample A. On 
the negative electrode (cathode) side of the gap, however, the GL and NBE intensities are 





























































































Conversely, the OL intensity is constant across the entire gap between the electrodes and 
remained unchanged before and after the electro-migration experiment, as shown in Fig. 3(b). 
Depth-resolved CL spectra were collected using accelerating voltages of 5, 10, 20 and 
30 kV with a constant beam power of 1W to reveal the effect of the electric field on the spatial 
distribution and concentration of defects in-depth. Figures 4(a) and 4(b) show the GL and OL 
intensities versus kV (depth) before (sample A) and after the electro-migration experiment, 
respectively, collected at near the cathode marked point A in Fig. 1(a).  These plots show that 
the GL in-depth distribution increases moving towards the surface while the OL intensity 
profile is unaffected by the electric field in accordance with the in-plane results depicted in 
Figs. 3(a) and 3(b). The decrease in the GL and NBE at the very near surface at 5 kV strongly 
suggests the presence of enhanced non-radiative surface recombination after annealing in the 
electric field while the decrease of the NBE at 30 kV is due to internal optical absorption. The 
OL intensity steadily decreasing towards the surface in both Figs. 4(a) and 4(b) confirms the 
out-diffusion of Li following the pre-annealing of the as-received sample which causes the 
measured increase in the resistance of sample A. 
A number of significant conclusions can be drawn from the experimental results 
described above. First, the uniform increase of both the NBE and GL intensity by the electric 
field on the anode side of the gap indicates that a defect that acts as a competitive non-radiative 
recombination channel has been passivated during the electro-migration experiment, most 
likely via the trapping of carriers driven across the gap by the action of the electric field. 
Notably, the OL intensity remains constant despite the passivation of the non-radiative channel 
suggesting that the capture cross-section of the OL defect may be smaller than that of the GL 
center. Second, charged defects are mobile during the thermally assisted electro-migration 
experiment. Third, the GL and NBE are confirmed as competitive recombination pathways, 





























































































intensity decreases, as observed in Figs. 3(a) and 3(b). Finally, since the OL intensity is 
unaffected by the application of the electric field at 873K, substitutional Li is considered to be 
immobile under these electro-migration conditions. 
The change in the spatial distribution GL intensity after the electro-migration 
experiment results from either the electro-migration of positive defects towards or negative 





+ as well as shallow donors e.g. AlZn
+ , while for negative centers include VZn
2−, 
LiZn
− , and O𝑖
2−. The involvement of H𝑖
+
 and Li𝑖
+ in the increase GL near the cathode can be ruled 
out due to their out-diffusion during the pre-annealing at 873 K, which was evidenced by our 
electrical and depth-resolved CL results. Similarly, VZn
2−, VO
2+, and O𝑖
2− can be dismissed due to 
their high migration barrier energies of 1.4, 1.7 and 1.1 eV, respectively.32 By the same 
argument, shallow donors, Al and Ga as well as LiZn
−  are unlikely with their large diffusion 
activation energies of 2.7, 3.8 and 1.7 eV, respectively.33,34 
Despite the relatively high formation energy of Zn𝑖
2+ in oxygen-poor, n-type ZnO 
compared with VZn, VO and O𝑖,
1 Zn𝑖
2+shallow donors must be present during the electro-
migration experiment as evidenced by the high conductivity observed in the I-V measurement 
at 873 K. Furthermore, Zn𝑖
2+ has a low migration barrier energy of 0.55 eV34 and so will have 
a high mobility in ZnO.35 However, Zn𝑖 cannot be responsible for the GL at 2.39 eV by itself 
as it is a shallow donor with an ionization energy of 30 meV.1 The results shown in Fig. 2(a) 
confirm that the GL is related to an acceptor-like defect because the GL is quenched by H 
donor doping and can be subsequently re-activated by thermal annealing at 573 K for 10 min, 
as described above. Therefore, the most likely candidate for the GL is VZn-related center as VZn 
acceptors have the lowest defect formation energy in oxygen-poor, n-type ZnO. Ascribing the 
GL to a negatively charged center is, however, inconsistent with the results of the electro-





























































































the electro-migration experiment. Additionally, VZn has a large high migration barrier energy 
(Eb = 1.4 eV) and can be considered to be immobile compared with Zn𝑖  (Eb = 0.55 eV).
32,34  
Our electro-migration results strongly suggest that both Zn𝑖 and VZn are involved in the 
GL emission process. This assignment is in agreement with other reports that have ascribed the 
GL to electron hole recombination transitions from spatially extended shallow Zn𝑖 donor states 
to deep VZn localized acceptors.
36,37 Additionally, it has also been recently reported that GL is 
due to closely bound (Zn𝑖−VZn) pairs.
38 Therefore, in the electro-migration experiment, the GL 
intensity rises towards the cathode because of an increasing number of (Zn𝑖−VZn) pairs with 
overlapping wave functions, which form as positive Zn𝑖 donors migrate to the negative 
electrode and interact with relatively immobile VZn acceptors. In contrast, the electric field 
independence of the OL center distribution in the electro-migration experiment can be 
explained by the poor mobility of substitutional Li in ZnO.39,40 
IV. CONCLUSION 
Spatially-resolved in-plane and in-depth CL spectra were measured before and after the 
application of a surface electric field at 873 K. The thermally assisted electro-migration 
experiment confirmed the migration Zn𝑖 towards the cathode, inducing a steady decrease and 
increase of the NBE and GL, respectively. The GL at 2.39 eV is attributed to recombination 
involving (Zn𝑖−VZn) pairs and an OL at 2.01 eV, which is unaffected by the electric field, is 
assigned to substitutional Li acceptors.  Significantly, following the electro-migration 
experiment the intensity of the NBE and GL was increased uniformly on the anode side of the 
electrode gap due to the passivation of competitive non-radiative recombination via the 
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Fig. 1. (a) Top-view drawing of the sample showing ohmic electrode pads (gray) configuration 
on the m-plane ZnO surface. The lateral 10 kV CL measurement positions, marked with an () 
between the electrodes, were at 60 μm and 30 μm away from the positive and negative 
electrodes, respectively with a spacing of 50 μm. The depth-resolved CL measurement point 
was located 50 μm away from the negative electrode indicated by an (o). (b) I-V characteristic 
of the ZnO substrate measured between two electrodes, showing an ohmic resistance of 
approximately 10 k. The measured resistance was in the order of k during the application 
of DC bias at the elevated temperature. 
 
 
Fig. 2. (a) Comparison of typical CL spectra at 85 K of an as-received annealed at 873 K 
(Sample A), hydrogen-doped sample A (H-doped), and post-annealed hydrogen doped sample 
A (post annealed at 573 K for 10 minutes in argon; H-doped annealed) hydrothermal m-plane 
ZnO samples before application of electric field, measured at the middle of the gap between 
two electrodes with 10 kV and 0.1 nA electron beam; Typical peak fitting parameters are fitting 
values are OL = 2.01 eV (FWHM = 0.52 eV) and GL = 2.39 eV (FWHM = 0.47 eV), (b) CL 
spectrum at 300 K of sample A  excited with 10 kV and 1 nA electron beam; (c) Two Gaussian 
components, OL and GL at 300 K, fitted to a DLE band for sample A shown in Fig. 2 (b) with 
the OL component centered at 2.01 eV (FWHM = 0.52 eV) and GL component positioned at 






























































































Fig. 3. Results of electro-migration experiments conducted on sample A using 30 V at 873 K 
in argon. Plots of the CL intensity versus distance from the positive electrode as marked by the 
(×) in Fig. 1(a) are shown in (a) for the NBE integrated peak intensity and in (b) for the OL and 
GL integrated peak intensities. Figure 3(c) shows the Gaussian fitted spectra before and after 
the application of DC bias at 873 K from the location marked () next to the negative electrode 
in Fig. 1(a). All CL spectra were measured at ~ 300 K using 10 kV and IB = 1 nA. The peak 
fitting parameters are for the OL = 2.01 eV (FWHM = 0.52 eV) and for the GL = 2.40 eV 
(FWHM = 0.51 eV).  
 
Fig. 4. Plots of the integrated peak intensity of OL and GL as a function of accelerating voltage 
of sample A (a) before and (b) after the electro-migration experiment measured at point (o), 
shown in Fig. 1(a). The depth-resolved CL spectra were collected at 85 K with an accelerating 
voltage of 5, 10, 20 and 30 kV and a constant beam power of 1 W obtained by varying IB. 
The inset in each Figs. shows the CL spectra labeled with OL and GL peak positions at varying 
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